aminocyclopropane-1-carboxylic acid (ACC) and ethylene production in water-stressed 1 3 5 apple seedlings, however the mode of action is unknown. 30 1 3 6
The uniconazole (UCZ) structure differs from PAC by one desaturation leading to 1 3 7 a double bond ( Figure 1C ) and has been shown to inhibit GA biosynthesis by affecting 1 3 8 the same enzymes ( Figure 2B) . 18, 31, 32 However, the height of a GA 3 -insensitive DELLA 1 3 9 mutant in Helianthus annuus (sunflower) was further reduced by UCZ-treatment. 33 UCZ 1 4 0 has also been shown to affect structural sterol levels in Oryza sativa (rice) and pea 1 4 1 ( Figure 2A) . 34, 35 In addition, UCZ treatment reduced castasterone accumulation in pea 1 4 2 and blocked BR-induced tracheary element differentiation in Zinnia elegans L. 1 4 3 mesophyll cells. 36, 37 Whether these phenotypes result from BR-inhibition, the dependence 1 4 4 of BR-induced tracheary element differentiation on GA, or some other impact is 1 4 5 unknown. Recently, it has been shown that UCZ affects ABA catabolism by inhibiting 1 4 6 CYP707A in Arabidopsis and tobacco cell cultures ( Figure 2D ). 38-40 UCZ also affects 1 4 7 cytokinin biosynthesis; however, there are conflicting reports depending on the species 1 4 8 tested. In Arabidopsis it inhibited trans-Zeatin accumulation ( Figure 2C ) but UCZ 1 4 9 treatment in rice and Glycine max showed higher levels of trans-Zeatin. [41] [42] [43] Izumi et al 41 1 5 0 showed that ethylene levels were higher but that ABA was unaffected in UCZ-treated 1 5 1 rice. Of the three PGRs used in this study, UCZ has been the most studied. The 1 5 2 conflicting reports on hormonal levels in different species highlights the necessity of 1 5 3 studying the specificity of PGRs within the species being tested due to potential 1 5 4 differences in uptake, transport, or binding affinity by potential target P450s. 18 1 5 5
We sought to test the model for BR and GA interaction in maize derived from 1 5 6 genetics experiments. 17 Given the multiple interactions between the mutants it is less 1 5 7 likely that the same effects, and direction of interaction, will be generated by non-specific 1 5 8 growth retardation or general toxicity of a chemical treatment. In addition, using the 1 5 9 genetics experiments as orthogonal data confirming the utility of these inhibitors' 1 6 0 specificity in maize would permit stronger interpretation of inhibitor studies across the 1 6 1 grasses, including species without the genetic resources of maize. Orthogonal data, if 1 6 2 confirmatory, will also bolster our confidence in the interpretation of previous genetic 1 6 3 interactions between BR and GA discovered in maize. 17
6 4
We treated the na2-1 BR-and d5 GA-biosynthetic mutants with each of the three 1 6 5 triazole inhibitors described above and measured phenotypes known to respond to BR 1 6 6 and GA reduction. All three inhibitors were additive with the two mutants for plant Effect of hormone biosynthetic inhibitors on na2-1 and wild-type siblings 1 7 9
As described previously, 17 na2-1 mutants overall height and organ lengths were shorter, 1 8 0 lower leaves were more upright, mutants flowered later, and a majority of plants had 
8 5
Organs and internodes were shorter in PCZ-treated plants than in mock-treated plants for 1 8 6 both na2-1 and wild-type siblings (Table 1 and Figure 4A application. Primary tassel branch number was 10 fold lower in PCZ treated na2-1 than 1 9 0 in treated wild-type siblings, whereas mutants and wild types were indistinguishable in 1 9 1 the mock treated samples (Table 1) . Tassel length was also non-additively affected by 1 9 2 PCZ application to na2-1 mutants, causing a decrease by 40% in wild type and 80% in 1 9 3 na2-1 mutants. Just as na2-1 mutants flowered later than wild types, PCZ treatment 1 9 4 extended days to flowering in wild types. PCZ treatment of the mutants further enhanced 1 9 5 this delay (Table 1 ). Yet, in neither comparisons between na2-1 and wild type nor in PCZ 1 9 6 treatments did the number of leaves per plant change. Taken together, PCZ reproduced 1 9 7 all but the POPIT phenotype in wild-type treated plants and enhanced all loss-of-BR 1 9 8 phenotypes in the na2-1 mutant, including increased POPIT penetrance.
9 9
As expected if PAC primarily acts via the inhibition of GA biosynthesis, all 2 0 0 organs and overall plant height were reduced by PAC treatment in both na2-1 and wild-2 0 1 type siblings (Table 1 and Figure 4A ,C). Treatment of wild-type siblings with PAC 2 0 2 resulted in a significant increase in tiller outgrowth similar to the GA biosynthetic mutant 2 0 3 d5. The mock-treated na2-1 mutants did not tiller and na2-1 suppressed the tiller type siblings to exhibit florets with persistent anthers. Similar to d5 mutants and PAC 2 2 7 treatment, UCZ treated wild types profusely tillered. Similar to the na2-1/d5 double 2 2 8 mutants, and consistent with the genetic BR and GA interactions, na2-1 strongly 2 2 9 suppressed UCZ-induced tillering. UCZ treatment reduced the frequency of POPIT in 2 3 0 na2-1 by over two fold, similar to the suppression of POPIT in na2-1/d5 double mutants, 2 3 1 but this difference was not statistically significant from mock treated na2-1 mutants.
3 2
UCZ treatments had a synergistic effect on leaf width in combination with na2-1 and 2 3 3 caused na2-1 leaves to become narrower. UCZ resulted in a dramatic decrease in primary 2 3 4 tassel branch number, similar to the other inhibitors. UCZ treatment delayed the number 2 3 5 of days before tassel emergence in both mutants and wild-type siblings. Similar to PAC 2 3 6 treatment, both the number of leaves before the top ear and the total number of leaves per 2 3 7 plant were dramatically reduced in na2-1, but not wild-type siblings, by UCZ treatment.
3 8
Thus, for UCZ treatments this extreme delay without additional production of leaves Effect of hormone biosynthetic inhibitors on d5 and wild-type siblings.
4 5
Similar to what was found previously, 17 d5 mutants flowered later, were shorter, had d5 mutants had greater leaf widths than wild-type controls. PAC treatment increased leaf 2 5 7 widths of wild types but PAC treated d5 mutants had narrower leaves than mock treated 2 5 8 mutants. The d5 mutants had the same number of nodes and, unlike PAC-treated na2-1, 2 5 9 treatment of d5 mutants with PAC did not affect node number. PAC treatment delayed 2 6 0 flowering in wild-type siblings and further delayed flowering in d5 mutants as compared 2 6 1 to mock treatments. Thus, a delay without increased leaf numbers suggests an increase in 2 6 2 plastochron index, though not as dramatic as the synergistic effects of inhibitor treatment 2 6 3 in na2-1 mutants. All PAC treated phenotypes were consistent with a loss of GA, but the 2 6 4 low frequency of anther-ear, similar to the lack of suppression of POPIT in na2-1, 2 6 5 suggest that at this concentration PAC is a weak GA inhibitor in maize.
6 6
As was observed in applications of UCZ to na2-1 and wild types, application of 2 6 7 UCZ to d5 and wild-type siblings recapitulated all loss-of-GA phenotypes ( Figure 5A We report here the effects of PCZ, PAC, and UCZ treatment on the phenotypes of 3 0 0 na2-1, d5, and wild-type siblings at maturity. PCZ-treatment of wild-type plants was able 3 0 1 to recapitulate the phenotype of na2-1, except for the POPIT phenotype (Table 1 and 3 0 2 inhibitors are a greater concern as concentrations go up and we sought to minimize these 3 0 6
with lower concentrations. PCZ-treatment did decrease plant height and increase POPIT 3 0 7 in na2-1 (Table 1) . These results, and our unpublished observations that brd1 mutants 3 0 8 and na1/na2 double mutants are more severely dwarfed than na1 or na2 single mutants 3 0 9
suggests that disruption of this gene may not be a complete knock-out of brassinosteroid (Table 1) . Our experiments do not rule out inhibition of P450 enzymes outside 3 2 4 of GA biosynthesis. Indeed it was established that UCZ inhibits ABA catabolism in 3 2 5
Arabidopsis at concentrations lower than employed here and that specific inhibition of 3 2 6 recombinant CYP707A occurs in with an IC50 of 68nM ( Figure 2D ). 45 This reaction 3 2 7
contributes to the formation of phaseic acid which has been demonstrated to have 3 2 8 additional biological activities of its own ( Figure 2D) . 46, 47 The perfect agreement of the 3 2 9 developmental phenotypes caused by UCZ and the GA mutants was somewhat surprising 3 3 0 in light of these additional modes of action (Figure 2A-D) . It is possible that the weak in the ear florets nor did it suppress POPIT in na2-1 plants (Table 1 ). This contrasts with 3 4 3 both UCZ treatments and our previous genetic results. 17 The concentration of PAC used 3 4 4 was the same as UCZ, but it may be that PAC is a weaker inhibitor as has been penetrance of POPIT in the na2-1 mutant, as was observed in PCZ treatment, and require 3 6 0 greater reduction in GA to prevent floral organ persistence. However, the lack of anthers 3 6 1 in ear florets in PAC treatments, which were observed in all maize GA mutants, 3 6 2 suggested that PAC might simply be a weaker GA biosynthesis inhibitor.
6 3
One unexpected finding was the effect of GA biosynthesis on tassel branch 3 6 4 numbers. The d5 mutants had fewer primary tassel branches than wild-type siblings but 3 6 5 na2-1 mutant primary tassel branch numbers were unaffected in both the results of this 3 6 6 study and our previous work (Table1 & Table 2 ). 17 Treatment of wild-type plants with 3 6 7 PAC or UCZ also reduced primary tassel branch numbers. Unlike the na2-1 mutants, 3 6 8 PCZ treatment reduced tassel branch number, however the interpretation of these results 3 6 9 is complicated by the potential for genetic background effects. The wild-type background 3 7 0 of the d5 mutants, but not the wild-type siblings of na2-1, had fewer primary tassel 3 7 1 branches following PCZ treatment. The na2-1 mutants did not have fewer branches in 3 7 2 mock treatments but PCZ treatment of mutants did reduce tassel branch numbers. The is suggested by the stronger phenotype of brd1 mutants and na1/na2 double mutants 3 7 7 (Dilkes and Best, data not shown) and it may be that the residual BRs are sufficient to 3 7 8 maintain normal tassel branching in na2-1 mutants. 16 Alternatively, PCZ might have 3 7 9 effects on regulators of tassel branching encoded by P450s outside of BR biosynthesis.
8 0
All triazoles affected branching in na2-1 and d5 mutants. In our previous work, 3 8 1 increasing GA by exogenous application to na2-1, d5, and wild type growing apices did to return and promote growth in responsive cells. We ceased treatment at tassel 3 9 1 emergence during the elongation of the uppermost internodes and the lengths of these 3 9 2
internodes were not as affected in our treated plants (Figure 4 ). We propose that PGR 3 9 3 inactivation rather than phytohormone-independent growth underlies these differences in 3 9 4 internode responses.
9 5
Days to tassel emergence was significantly longer for na2-1 and d5 (Tables 1 and   3  9  6 2) compared to their wild-type siblings similar to our earlier work. 17 Wild-type siblings 3 9 7 treated with PCZ, PAC, or UCZ had greater days to tassel emergence than controls.
9 8
Every mutant-triazole combination further increased days to tassel emergence. When the 3 9 9 na2-1 mutant was combined with PAC or UCZ treatment, this resulted in a synthetic 4 0 0 interaction producing fewer nodes even though plants took 2-3 weeks longer to flower.
0 1
The plastochron index is the rate of lateral organ initiation from the meristem. We 
3 0
In conclusion, PCZ treatment of wild-type siblings largely phenocopied na2-1 4 3 1 mutants and PAC or UCZ treatment predominantly phenocopied d5 mutants. PAC did 4 3 2 not affect sexual organ persistence, unlike GA biosynthetic mutants or UCZ treatment.
3 3
There was no strong evidence of non-specific growth inhibition by these three triazole after stripping the plant of leaves. Tassels were inspected for POPIT and given a binary 
